Examination of levels of inter-and intra-individual variation for a number of characters across 11 invertebrate species revealed a significant concordance of character coefficients of variation among samples within a species, suggesting that some characters are consistently more (or less) variable than others. In addition a significant positive correlation between character CV and asymmetry values was observed, suggesting that the underlying genetic mechanisms responsible for buffering character development against both external and internal environmental variation are either the same or inter-related. These results are discussed in relation to associations between character variation and individual fitness.
Introduction
Developmental homeostasis refers to those mechanisms responsible for ensuring phenotypic constancy in the face of genetic, environmental and developmental variation (Waddington, 1957) . Such homeostasis comprises two often confused components, viz. canalization and developmental stability (Zakharov, 1989) . Canalization (Waddington, 1942) refers to processes that buffer development to reduce the amount of potential phenotypic variation that might otherwise result from genetic or environmental variation, whereas developmental stability (Mather, 1953) refers to buffering processes that reduce the variation resulting from developmental accidents (noise). In other words, canalization enhances phenotypic constancy regardless of the underlying genotype or environment whereas developmental stability enhances constancy for a given genotype and environment. In essence, canalization acts to reduce phenotypic variation among individuals whereas developmental stability reduces variation within individuals. Waddington (1957 Waddington ( , 1960 stresses that the underlying genetic mechanisms for these two components are expected to be different.
The degree of developmental homeostasis of any given character has been hypothesized to be a reflection of the functional importance of the character to the organism (Waddington, 1957) . Characters for which phenotypic constancy is important in terms of individual fitness will be developmentally less variable (better buffered) than characters for which constancy is less important. In terms of canalization, this hypothesis led Waddington (1957) to propose a form of stabilizing selection, called canalizing selection, which acts to eliminate from the population those genotypes that render developmental pathways for a given character sensitive to genetic and environmental variation. Such a hypothesis introduces the idea that both the degree and the underlying genetic mechanisms of developmental homeostasis are character-dependent such that different characters can be expected to show consistently different levels of canalization and developmental stability. It has long been shown that different characters vary in the extent to which they are canalized (Rendel, 1979) and recent evidence suggests that this is also true for developmental stability (Clarke, 1998) . It has been observed that different characters display consistent differences in their levels of stability both within and among individuals and populations, that is, some characters are consistently more (or less) stable than others (Clarke, 1998) .
The most commonly used measure of developmental stability has been fluctuating asymmetry (random nondirectional differences between the left and right sides of a bilaterally symmetrical organism), with the degree of fluctuating asymmetry directly reflecting the degree of stability, such that the greater the level of stability the lower the level of asymmetry (Van Valen, 1962; Palmer & Strobeck, 1986) . The most informative measure of the degree of canalization is the level of phenotypic variation of a character among individuals within populations. Several authors have used levels of inter-individual morphological variation as an estimate of developmental stability (Eanes, 1978; Fleischer et al., 1983; Mitton, 1978; Mitton & Grant, 1984) ; however, as differences in the level of such variation will reflect, among other things, the underlying level of genetic variation affecting the trait, its use as a measure of developmental stability, as defined above, is questionable (but see Mitton, 1993) . Similarly, authors have used the level of fluctuating asymmetry as a measure of the degree of canalization (Mather, 1953; Tebb & Thoday, 1954; Thoday, 1955; Reeve, 1960) although again by definition such an approach is questionable given that it ignores levels of interindividual variation.
Given that both canalization and developmental stability appear to be character-dependent, it is of interest to determine if there is any relationship between the levels of canalization and developmental stability across a range of characters. Are characters which are highly canalized also developmentally more stable than less well canalized characters?
Methods

Data sets
All data used come from existing data sets. Fifty samples from 11 invertebrate species are used: Apis cerana, A. mellifera, A. m. capensis, A. m. scutellata (Hymenoptera: Apidae) , Chrysopa perla (Neuroptera: Chrysopidae), Heptacarpus brevirostris (Crustacea: Decapoda), Lucilia cuprina (Diptera: Calliphoridae), Solenopsis invicta (Hymenoptera: Formicidae), Tisbe holothuriae (Copepoda: Harpacticoida), Trichocolletes affvenutus (Hymenoptera: Colletidae) and Vespula germanica (Hymenoptera: Vespidae). Details of the colonies, experimental protocols used and characters examined for the generation of these data sets can be found elsewhere (Clarke et al., 1986; Clarke & McKenzie, 1992; Clarke, 1993a Clarke, , 1997 Clarke & Oldroyd, 1996) . All characters examined display true fluctuating asymmetry, with no evidence of directional asymmetry, antisymmetry or size-dependence.
Statistical analysis
The degree of canalization of a character within a sample was estimated by the coefficient of variation
Developmental stability of a character was estimated as | log (L i /R i ) | /N. Both the CV and | log (L i / R i ) | /N are dimensionless thus allowing comparisons between different types of characters (meristic and morphometric) measured on different scales. Kendall's coefficient of concordance (W) was used to test if different characters were consistently different in their CV values among samples within a species. Spearman's rank-order correlation coefficient (r S ) was used to test for significant correlation between CV and | log (L i /R i ) | /N within species. For small samples (5), r S is very sensitive to slight variation in rank order between the two variables and requires almost perfect concordance in ranks to achieve significance. If the differences among certain values within each variable are nonsignificant within a sample, then the rankings of these values will be determined by chance and thus the values of r S will be heterogeneous among samples of the same species when the same characters are examined. As such, within-sample tests for correlation may lack the power to detect any true correlation between the variables for small sample sizes. Combining the data from a number of samples within a species, such that there are multiple combinations of CV and asymmetry values for each character (as many as there are samples) has the potential to provide greater resolution of any true underlying correlation particularly if there is a high level of concordance of character rankings for each variable among populations.
Results
Coefficients of variation and asymmetry values for each character in each sample are provided in the Appendix.
There is significant concordance in character rankings based on CV values among samples for the majority of species (Table 1) , that is, if character X is the least variable (lowest CV) in one sample there is a significant tendency for it to be the least variable in all other samples within the species. For the three species displaying no significant concordance among samples, examination of the data revealed either no significant differences between CV values among characters within each sample (Chrysopa perla) or that only one character was significantly different from all others, with the remaining characters showing no differences among themselves (Tisbe holothuriae, Trichocolletes affvenutus).
There is a significant correlation between CV and asymmetry values for nine of the 11 species THE GENETIC BASIS OF DEVELOPMENTAL STABILITY 563 examined (Table 1) , that is, characters displaying low between-individual variation (low CV) have a significant tendency to display low within-individual variation (low asymmetry).
Discussion
The high levels of concordance of character rankings based on CV values among samples within a species are indicative of underlying differences between characters in the mechanisms responsible for character expression, i.e. they are character-dependent. Such character-dependency is consistent with that observed for the mechanisms underlying developmental stability of these characters within these species (Clarke, 1998) . The significant positive correlation between coefficient of variation and asymmetry values suggests that the mechanisms responsible for both inter-and intra-individual variation affect individual characters in the same manner, such that characters which display low levels of inter-individual variation also display relatively low levels of intra-individual variation.
It must be noted that differences in the coefficients of variation among characters are not necessarily indicative of differences in the level of canalization among them, but only of differences in their levels of phenotypic variance. A relatively low CV may simply reflect reduced levels of genetic variability for a given character compared with a character with a relatively higher CV. It might be expected that characters under a long history of directional or stabilizing selection may have reduced genetic variability, particularly if the character is directly related to individual fitness (Mather, 1973; Falconer, 1981) .
However, at least in the case of Apis and Lucilia, the characters examined herein have been shown to have high narrow-sense heritabilities, indicative of appreciable amounts of underlying additive genetic variability (Oldroyd & Moran, 1983; Clarke & McKenzie, 1987; Oldroyd et al., 1991) . Thus the different CV values for these characters (range 1.5-11% for Apis, 6-15% for Lucilia) at least potentially reflect relative levels of canalization, remembering that canalization mechanisms act to mask underlying genetic variation.
The positive relationship between inter-and intraindividual variation for a given character may have a number of explanations, the simplest of which is that the underlying genetic and molecular mechanisms responsible for the two types of variation are one and the same. It seems plausible to suggest that the mechanisms (and therefore genetic basis) responsible for buffering a given developmental pathway against external environmental variance (canalization), could be equally responsible for buffering the same pathway from internal environmental variance (developmental stability). Differences among characters would reflect either differences in the genes controlling development of each character or differences in the efficiency of the buffering mechanisms themselves, or both. One possible way of testing this hypothesis would be to try to obtain differential responses between inter-and intra-individual variation to some stress. If stress acts to reduce homeostasis mechanisms in general, and the two measures reflect the same underlying process, then it would be expected that both CV and asymmetry values would increase in response to stress. The early experiments of Waddington (1960) with Drosophila found that although phenotypic variance among individuals increased in response to stress the level of asymmetry was either unchanged or reduced. This observation was the major reason for his suggestion that canalization and developmental stability were inherently different phenomena. Within the current study it is possible to compare stressed and unstressed populations within some species. In Tisbe holothuriae inbreeding has been shown to increase asymmetry for four of the five characters examined (Clarke et al., 1986) . Examination of the CV values indicates that inbred individuals have higher values than outbreds for four of five characters of which only two are significantly higher. In Apis mellifera haploid males are significantly more asymmetric than diploid females for all characters (Clarke & Oldroyd, 1996; Clarke, 1997) . Again CV values are consistently higher for all characters in males compared with females, four of which are significantly higher. Similar results are observed for Lucilia cuprina, in which significant increases in asymmetry (Clarke & McKenzie, 1992) are matched by increases in CV in temperature-stressed populations. Unfortunately, very few studies exist that have directly compared both the response of asymmetry and inter-individual morphological variation in response to stress (but see Zakharov, 1989) . Another possible explanation, related to the first, may be that there are no specific genes or controlling mechanisms responsible for canalization or developmental stability per se but rather that both measures of variation may be reflecting a third unknown character-specific attribute which either directly or indirectly impinges on character development. Possibilities include the level of heterozygosity or coadaptation of the genes controlling individual character expression such that heterozygous or well balanced genotypes are innately better able to buffer character development against environmental perturbation (see Mitton & Grant, 1984; Palmer & Strobeck, 1986; Clarke, 1993b for reviews). Any differences between characters would reflect differences in the level of heterozygosity or balance between each set of character genes. Unfortunately, very little is known about the nature of genes responsible for metric character development (Falconer, 1981) , but the advent of DNA-based mapping of quantitative trait loci (QTL) may provide valuable insights in this area. Again a concordant response of both measures to stress would be expected.
A third possibility is that the two processes are genetically and mechanistically different both within and between characters as originally postulated by Waddington (1960) . The response of each mechanism to any given stress would depend on the interaction between the genotype and the environmental stress and may or may not be different between characters. The positive relationship between the two processes may reflect a common underlying association between the character and fitness. Characters for which phenotypic constancy is important in terms of fitness (locomotory characters) may be expected to display lower levels of both inter-and intra-individual variation compared with characters unrelated to fitness (see Clarke, 1995) . The current data are consistent with this hypothesis. In general within the hymenopteran species examined, wing length consistently displayed the lowest CV and asymmetry values across all species and the number of hamuli (used in joining fore and hind wings together in flight) displayed the highest CV and asymmetry values. It can be argued that absolute wing length and wing symmetry is related to flying ability in flying insects. The fact that the number of hamuli varies enormously among hymenopteran species (even among species within the same genus) would argue that the absolute number is relatively unimportant for efficient flight and similarly that absolute symmetry is also of relatively little importance. It is also of interest to note that in general morphometric characters displayed lower CV and asymmetry values than meristic characters, but this may be because almost all the morphometric characters examined were characters involved in locomotion and thus may be expected to display lower values for the reasons above.
It must be stressed that the hypothesized relationship between inter-and intra-individual variation and fitness only relates to associations between the character under examination and its direct impact on fitness. It does not suggest that CV or asymmetry values for a performance character should be any more or less closely associated with other estimates of fitness, such as viability or fertility, than nonperformance characters. A recent review by Leung & Forbes (1996) revealed that although there is a significant negative correlation between character asymmetry and individual fitness across a large number of characters and species, there is no indication that performance characters are any better predictors of conventional fitness than nonperformance characters.
In summary, the genetic basis and mechanisms responsible for buffering character development against both external and internal genetic and environmental variation appear to be both character dependent and inter-related. The exact nature of the THE GENETIC BASIS OF DEVELOPMENTAL STABILITY 565 relationships between these mechanisms remains speculative although potentially reflects an association between levels of character variation and individual fitness. 
